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Ahfruct

“1’hc Ccmsultatiw  Cmnmittm  for S p a c e .
IJata S t a n d a r d s  (CCSIIS) rcmmmnds  tllal
space ccmlmunicalion link employ a
ccmcatcnatcd  crl or-corlcclit~g clamcl-mding.
Syslcm in which [hc inner code is a
cmwluticmal  (7,1/2) code. ald [k OWN code is
a (2.55,223) Reed-Solcmml~ cock. ‘J’lm  traditional
illll~lclllclllatiloll i s to pcI”fmm t h e  noclc
synchrcmi~aticm  for the Vitcrbi dccoclcr ancl the
flame  syncllmliz.  alicm for the Rcccl-SoloIIlotI
decoder as separate, scqwmtial  operations, ‘1’llis
al(iclc  dismsscs  a ulliflcd s y n c h r o n i z a t i o n
tcclmiquc. that  is  rcquilcd for  ctccp s p a c e
missions that have data rates ancl si~llal-to-llc)isc
rat ios  (SNRS) that arc cxlrcmcly low. ‘I”llis
tccllliiquc Colubincs  fiamc s~’llcllrc~tli?alic)ll  ill
tlw bit and syJnbol d o m a i n s  and tiaclitional
accil])~lllatcd-il~c{ric groi}~h  t e c h n i q u e s  t o
cs[atdish  a joint frame and noclc
s~’l~cl~[ol~izatiol).  A variation on this tc.cl~lliquc is
used for the Galiko  spacecraft cm ils Jupilcr.
bound mission,

I. lntrwlaction

‘1’lIc  Iladitiollal  approac]l  to dccodillg t he
chanl~cl crlor-cone.cling, coclinf, in lhc space.
co!l~lllllr~icalioll links [1] is fol tllc
illll~lclllclltatil)ll to follow Ihc CCSI)S fanctiona]
mocicl [2] shown in };igurc  1; i,c., establ ish a
collcatcnatcd dccodcr  consisting, of two ctistincl
stap,c.s: a Vitcrbi  dccoclcr and a Rcc.d-Solomol]
ctccodcr, with no feedback bc(wc.cn  [hc two
s(agcs. Each  o f  t he  two  dccoclus rcqaircs
approplialc  s!/licl~rolli7alioll:  the Vitcrbi  cicco(icl
requires node synchronization (the gro}lpinc of
n-tup]cts of soft synlbcds that corrcspoml  10 a
sing]c  information bit) and the Rcc.cl-Solo]noIl
dccoctcr requires frame s}’llcl~rc)l~i~atiol~ (the
ctctcclion o f  t h e  transpofl f r a m e  aild t h e
extract ion of  I<ccd-S’olomon  lj’ords).  In nlcmi
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applications, data Iccci\’cd pier to the
accolll~)lisl)lilcllt  of syllchroni~atioll  i s  l o s t ;
IIowcvcr,  as long as the s}’lllt~ol-siF,llal-to-lloisc
rat ios  (SSNR, h / No) is rc.lativcly  lli~ll, the
s~rllcllrc)l~izatioll time is sllo]t and the data loss is
oficn ip,aolcd.

]/or deep Space collllllllllicatiol~s
clm’ilonmcn(, SUCII an apploacll i s  oflcn

dcficicnt. Es / N o  could bc l o w ,  INIICC  t h e
synchroni7,ation tilnc, measured in nambcr of
bits, is ]onflcr.  As the data rate clcclcascs, the
s}rl~cllrot~iz~ticlll  Iilnc, fixed in terms of number
of bits, can result in 10ss of a significant pcrccr~t
of total data, Also, the scqucnlial nature of the
syl~cllroni~.ation  procc.ss compounds the data
loss. ‘1”0 spcccl the s}mcllronization  IMOCCSS atld
rcchcc the. data loss \vc introduce lICIC a joint
syldltonimtiol~  tcchniquc  that is bcin~ applied
in the giouncl  suppolt for the Galileo I)ccp
Space Mission to Jupiter [3].

Scc[ion 2. introduces the core al~orithm
atld ~hc joint s)’l~cllrol~i~atic)l~  approach. Section
3 disc-asses Illc application o f  j o i n t
syllcllroni7fition in sever al scenarios, and
Scctiotl 4 prcscl~ts two spc.cific cases where tl)c
joint sytlchonization  approach is aj~plicd,

11, l)cscriptirm  of Syi)cllror)i7.ali{J1)
Algorithms.

‘1’lIc structulc o f  t h e  g,cncral joint
sylicllronization dc.coder is shonw in Fi~urc 2. It
consists of the (raclilicmal series of processing
fimtions, namely  a Vitcrbi d c c o d c r ,  a  dc-
inlcrlcavcr, a n d  a  Rc.cd-Solomon dccodc.r,
plccedcd by a sofl symbol baffcr. ‘1’hc proccssinF,
functions arc conlrol]c.d by a joint
syIlcl~rotli7,a  tion fllnclion, which ill Iurjl  r e l i c s
on several core syncllloni7.ation  alf,orithms.  111
this article, wc sclc.cl three sac]) core



syllchrcrnizdioo algorithms: a franwmalkcl worth  noting that dcmders  of(cn contain other
corlclator  in the symbol domain, a framc- synchroni?ation indicators that can bc intcgralcd

lilarkcr corjclator  in tbc bi t  domain,  and an itlto a  joint syncl)roniz.cr  llsing tcclllliq~lcs
acctlllltllatcd-ll]ctlic  growlll-rate indicator. II is similar to tliosc dcscribc.d below.

Figure 1, Erlor-correcting Encxrcic.rfllc.coder l’raditiona]  Configuration
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Fip,urc 2. Joinl Synclilcmizaiiol~  lhxodcl  Stluctutc

11,1 Bit-llomain  Corrclatiou

‘Illis a lgori thm examines Ibc Vitcrbi-
dcc.odc.d  bits at tlic oulput of tlm Vitcibi clccodcr
for prcscl]cc  of the frame market paltcill.  Wticll
lhc pattern is dckckd,  it inclicaks thal Ihc node
s~’l~cllri]llizaticl]) hypothesis is “true” slid, by
definition, frame syllcllrolli7al ion ~{,as
accolnplishcd.

1 d tlic transpor( frame k of lcIIf,(h M,
including a frame marker of length N al lhc
bcp,inllin~ of each fralnc. I d llIc frame markci

bc (d . ( i ) , i, ()..,  N-  1, d o ( i )  : :1 1). ‘1’tlcll,

Ihc ttansmit(cd  data stream can bc rcprcscntc.d
as

(dtz(i Iwd M),
I)(i) :

i mod M < h’

d(lta, imdh! > N)

‘1’lIc  bit-domain coriclation  al~,oritlim
co]npulcs  the running correlat ion, Jhilr(k),
bclwccn  tllc f r a m e  Jnarkct  ancl tlm rcccivcd

sip,nal S(i)

h’- 1
.Jhilr(k) = -j>~dO(i)*s(i  + k)

j: (1

whc]c .T(i) is l)(i) conlaininatcd  by t h e
cfl”ccls  of transmission, rcccplion, and clccoclin~.
I’lIc cxpccfcd value of .l~irc(k)  is 1 N)l)cn the
rc.ccit’ccl  scqucncc  is  pcrfrxlly ali~ld With tlic
frame malkcr. Itlsc.where., for a propel  1S sckctcd
fralnc marker, its auto correlation propcltic.s
assure tlla( Ihc cxpc.c(cd value of .lm(k) is ]Icar
~.cro. III praclice, there arc two mc(hods  to
implclncn(  the bit-domain col(clation  algorithm:

(a)

(b)

‘] ’csling, for tllrcsliold, \\hcrc tl)c \’alric of k
is compare.d ag,ains( a tl~lcslmld. WIIciI tl~c
value Clf J/7ifr(L’)  Cxccds [IIC tlllcshol(l  for
lhc first time al kO, lhc hypothesis that
s(r’ + Lo) i s  tl)c bcg,innillg o f  lllc flame
marker is dcclarcd  trm

‘1’csting for rnaxilnuln,  where llIC value
.l~i~,(k)  is maximixd wcr all O < k <M,
rc~ardlcss of a tllrcsbold. I cl kO bc tl)c
localion Jvhcrc .ltk(k) rcachcs its IIisbcst
value over  Ilic scarcll  range, tlIcN the
hypcltlmsis  [hal s(i + L-o) is dcclalcd trwc,

1  Ii (I)c s p e c i a l  illtcrcsl of Imn.rparenf
convolutional codes (i.e., if tlm soft symbols arc
i]n’cric. d. the Vi(crtri-dccodccl  bits arc ilwcrlcd as



wcl]) JbiLf(k)  may lake the valws of + 1 for
“corml synlbcrl plmc corlclat  icm” or - 1  fot
“inwrkxt  synhol  phase cmetalim” incticatin~.
that the Vitcrbi  dcc.odcr  is synclmmizcd hit Ihc
scdl symbols arc iavcrfcd aad musl h rclurocd
to the COIIW1 phase (i.e.., rciavcrkd)  prior 10 de.
iatctlcaviac. For transparent C’crctcs,
ilnplclncatiag t h e  bit-dcmaia corlclalioll
requires scarchiap,  for both a a~axiama~ and a
milliamln of ,Jhilf(k),  or allcrllativc]y clnployiap,
high and h’ thrcsho!cis.

‘l’tic bil-conclalioa  approach is powctful
aad ust)ally  IIigllly  rcliab]c. 1 1 s  main
disadvaalap,c  is that i[ r e q u i t e s  hyl~ot]lcsis
lcsliap, al al I possible Oft-icls  of the sOn syllibOl
Ii-tuplcts, as WC.11  as  the coned aact inwlcd
symbol  plmcs (only f o r  aoahanspalcat
convolutional code). ‘1’bus, for a (15,1/6) non-
traasparc.at com’ollllional code, a large mmbcr
of atlcmpts (12 alhxap(s ia the worst case, 6
attcnlpls  on Ihc avcrafw) arc rcquirccl  b e f o r e
sj~l~cllroIlizatit)lj is accomplished.

11.2 Symlml-llomaia  Cortclatiou

‘J’his alfy)rilhm examines Ihc sofl symbols
ptior  to [I)c Vi(clbi dccodcr f o r  prcscacc  of
c.llcodc.d  vclsimi o f  IIIC f~aa~c n]arkcr  paltcro.
Whcll the pat(cro  is clctcctcct, it proviclcs  botl~
the node and flame synchronizalioa  prior to any
ftccodilip, opcralioa. in this case Ihc s y m b o l
corlcla(icm fill~clion is

$“-’ }’~(dO(i))* S(i -i k)J.r)n, (k) ‘ ‘h. & 1) .._./ n
jr ~. 1

wiIcIc li(dO(i))  is lhc a-(uplcl of s o f t
s y m b o l s  cot(cspcrndiac 10 a siaF,lc bit of tlm
frame. mart.xr,  S(i + k) is an 11-tuplct of I cccivcd
sylnbo]s,  and t h e  opcratolioa  c)]]  lIIC two II-
toplcls is a dol,-producl.  ‘1’hc main ctisadvaatagc
o f  this al~orilhm i s  t h a t  corlclation  can be
pc~formcd  oaly over part of Illc flamc IIlarkci-.
l’or  a fiamc lnarkcr  of N bits and convolu[ioltal
code of ]CIl~[h  }( , only  the s y m b o l s
coricspon(iinc  to the last N- (A’ - 1) bits alc
known in Ihc symbol clomain - the sylnbols that
corfcspond  to Ihc fiJsl K - 1 bils of’ t he  fralm
malkcr  arc ccmuptccl by the ui~kaowa prcvioos
conlcats  of the cacoclcr’. Dcpcading  cm N, K,
and };s / No, the partial cor)clalioa  may dcp,radc
IIN umclation SNK sufkicatly t o  Ioakc
s}’llcllrot~izatiol~ difl”icol(.

‘l’cl awcss tllc pcrfo~lnaace  of
synchrcmi7fition using syl!ho] -domain
c4wrclation,  lc[ us co]hpulc  the probahilily o f
false detection. 1.ct (I1c.  sofl sylnbol bc n~odc]cd
as having a va]uc of fl M + )li,F. w’llcrc ~ 11~ has
equal  probabi l i ty  of bciag -1 M aad - w aad
Ilirp is N(O,O,Y,,,)  ]. 1.c( u s  a s s u r e  that tl~c
frame lnarker has bcca sclcctc.d such that its
aulo corrc.latioa is near ideal, i.e. no sigilificant
sc.condary  correlation peaks exist. 1.CI us for(hcr
assume thal the cxrrrclalicm bcllvccn the frame
markc.r and a ~misclcss sc.t c~f rcccivcd  syjnbols
cm]tains  110 sigaificaat  sccoadary peaks, “JIIcI~,
wlIca (1IC  rcccivcd syInl)ols  arc IIc)t alip,ncd ~vitll
the f r ame  tnalkct,  .l.Y”,(k) can bc moclc.lcd as

N(O, O),

o: ar,m l~N- (K-  1) ,

while Nl)ca the rcccivcd  symbols arc alip,acd
\\rilll tllc flame maTkcr, .l~l,,, (k), is ]nodclcd as

N(nl)o). ‘J’IIC  J)robabilily o f  sclcctill~ a n
iacol ICC( pc.ak is F,ivcl~ by

IFiculc 3 SIIOWS  this p~chabi]i[y  a s  a

fum[ion of IIIC conflation SNR, ?OIC)F(W / o).

As an cxamp]c, lcI N= 32 bits, A’= 15, and Ihc
mi]limal  bit SNI{  (dicwtc.d  by tlIc required bit
cnor  rate) hi / No= 0.7 dll. ‘J’hcII  the SNf< at
tlic oullm[  of ilIc corlclator  is

0.’7+ 10* Ioglo(n.  (15- l))= 13.2r-/B

aad the plchabili[y o f  sclcctiag  a  ftilsc
co]lclatiol~ peak is (from tlic lIlot)  --{). (KKH3. For
a frame si~c of 16,384 symbols, Palsc clck.clioa is
13 times more likly tllall coIIcct dclcclion of
(1IC f r ame  malkcr! NO(G tha( due to the sharp
slope of  tlIc CUI\rC,  iacrcasil)g N ICI  64 \\’ill
illc[casc the SNJ< sun”icicl~tly 10 assort cor IccI
dclccliml  }vilh high probability.

1[.3 Accomolatcd  Metric Growth Rate

‘1’his al~ori~hln cxamiacs  the accumulated
mclric a l  a l l  llIc Vi[clbi  clccodcr s t a t e s ,
indicating the level of “mismatcJ]” bclwcca the

1 7110-aIcaII,  liorl~l:llly-distril)~] [c(l Imdcml
w iat)lc  wilh standal cl CJcvia(iotl of OSYJ,I



rcccivcd sofi symbol  s(lcam and the  bit s(rcam syncllronimtion cowdi{ions. “1’hc ctistinclion
associated lvilll the specific state. Itvcn tlmf,h bdwccn  the two conditions bccomcs more Morly
the accumulated mclric varies from slate to a s  H) I N o  clccrcasc.s; lhc tlmshcrlcls f o r
s(atc, its peak-to-peak variation is bcwdcd  by dctccling the in-lock at)d out-of-lock hypcdhcscs

]nusl bc clmcl]  carefully 10 mccl the })~c~bat]i] ity-
(cms(mint  lcngt}l - 1)* (max branch metric). of-dckction  and  f a l s e  a l a rm rcquircmc.nts.

Unforlunatc]y,  threshold select ion lrlus( h

Bccaosc of this bound, irr~Jdcrncrdors  often accomplished empirically, as Ihc groMh ralc

lnonilor t he  growlh ralc of  a  sing]c sc.lcclcd tncasurcmcnt dots not lend itself 10 analytic

accuwlatcd  rnc[ric where at high El) / No there cxprmions.

is a c l e a r  dislinc(ion bctwccn in-nodc-
syncl Moni7,at icm arid
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l’igwc  3. Plobabilily  of F’alsc IJctcclic)n vs Corrclalion SNR

111. Urliflccl  Syr)chronizatior]

‘J”hc ol~ccl ivc of the mifrcd
s}’llcllrc~l)izatic,ll approacl)  below is 10 realize Il)c
a t t r a c t i v e  bc.ncfi[s o f  (I1c symbol-dolnfiin
co]lclaliol~; namc]y,  accomplish node and flame
s~rr)cllrol~izatioll~  prior to the Vitclbi dc.coder,
w h i l e  ll~iti~alinp, tllc algori[llm’s  clc~raclcd
pcrforn]ancc  al low SN}{,

CASIL 1 - jrlclcpcnclcr~l flames, minillla]
!c.slriclion oll lalcnc}’.

1 xl us fils( cirscrw that mal)y
coll~ll~i)llicaliollls links consist of transport
f l a m e s  Illat arc inctcpcnclcn(ly  cncodcd as a
rcsu]t of the facI that (IIC franlc sync rna]kcr  is
l o n g e r  than the  ccms(raint lcnfqh o f  t h e
colwolutiolial  cock, there.fore serving as an
cffcclivc bat I icr bclwccn the fl alncs, rcsclt ing
the cncodcr  to a knowm  s{a[c. 1 d us also assume
that thwc arc minimal rcslricliom  oh lntCI)Cy2.

2 1.atcnc.y is the time delay bcIwccn the
sif,nal ri(lival rrt the rmlclma  rmcl the tinlc ri

11) Illis case, a simp]c clccc~clcr
prxsiblc3,  slIowlL in ]:ifylrc 4.

}

arcllilcclurc is

]n this archilcc[urc, no d e c o d i n g ,  i s
illitiatccl  ontil the illpul s t r e a m  h a s  b e e n
separated into frames, osing f[alnc-marker
correlation in lhc symbol clomain.  Chlcc the
fiamc dclcction is vcrifrccl, t h e  f r a m e s  alc
prcwcsscd indcpcndcntly; the funclion marked
“Vitcrt)i  and I{ccd-Solomon clccc~clcls” i s
rcplica[cd as many times as r~ccdc.d  to meet the
rcqui]cd data rate ancl lalcncy,  ‘J’llis alchitc.cturc
is especially suitable for illllllcll]cl~latioll wilh
parallel proccssc)rs  allcl for case.s where a “pool”
of rcsourccs  is available to cover the ncccls of
rnaly  oscrs  }vitll diverse nc.cds.

CASl~ 2 - lnclcpcndcn!  frames, rcs[riction
y Iatcncy.

fully dccodcd translm 1 fr anic  is awiilabk at
the out[mt  of lIIC clccodcr

3 1{.  Grcciihg,  J1’I, lntcl oal Mcn~c)rtiuclum
317] -93-20, ])atccl April 6, 1993



l’hc p r o c e s s  of f r ame  dctccticm  dlc~i

rcquirm Pcrfol miag t h e  corlclaticm o v e r
multiple frames and brid~,iw “gaps” tM
eliminate frame markc.rs, thcrcforc ir}trodwing  a
subslalltial, (and somc( imx unacccptab]c,
la(cncy. in this case, the archihxlare  can be
modi!icd  as shown in P_igulc 5, utili?.in~ the
symbol-domain frame-markc.r corlclalor  only for
t e n t a t i v e  flame  idcl)tificatiol].  Ikcoding  of
frames slarls  immediately following [Ilis
tc.nlat  ivc dctcclion.  1 lowcwr, rcsulls  fro]n  tlm
other s)rl)cl~rolt]izaliol) al~orithms arc used to
verify tlm s)rlif:l)rol]izatiol~  and arc fc.d back to
a l l o w  corfcction o f  the s}’llcllrcJ11i7filic)11,  if
nctdcd ,

“1’IIc CXICM of input bafferil~g  and feedback
d e p e n d s  on t rade-off  bctwcca the la[cmy
requirement and the ill~~~lcil~cl~ta[iol~  rcs[rictiolls
on data rate and available s[oragc.

CASII  3- Non-illdcpcndcnt  frames or tight
!atcllcy rc<lairclimats.

‘1’his case occurs cilhct  when the flame
malkcr  is sllor[cr than the convolutional code
constraint  lcng[h (hcncc the. cncodi]lg  is not
irldcpc.ndcnt  from frame to frame) or lvl~cll the
[i@t latency rcquircmcnt dictates t h a t  Vitcrbi
dccocling must bc initiated even prior to frame
s~filcllrolli?atioll. ‘J’hc rcsul[ing decoder
arcllitcctalc  is shown ill Pigure 6 - [lie Vilcrbi
dccodc.r r e l i c s  on its inlerilal mcasmcs, e.g.
acctlll~lllalcd-ll~ ctric-p,l o\\ll]-late, 10 achicvc
r~odc s~’I~cllrol~i~atioll, but rccciws  feedback
from tlic syjnbol.domaitl aud bit-clomaia  fran~c-
markc.r corrc.la[ors.  la this architcdule ]Ilultiplc
Vitclbi dccodcrs  could bccmp]oycd  to cxpcclitc
the. detection of [he node synchrcmiurlion  over
lil~lllii]lcs~’llll)ol phascoffscls.
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}’igurc 6. Ilcccdcr Arcllitcc{olc,  Vitc.rbi IIccoclcr is Self-Syllclirolli~.cd

IV. Wimplcs

‘1’llc joinl  synchrcmizalion  approach has
bwn applied in t\vo rtmxtcr  syslcms  CICVC1OIWI
at J1’1,. ‘1’IE firsl dcmdcr,  dmmtcd  h4aximun~
l,ikclilmod Ikcodcr 111 (h4Cl> 111) [4,S] is a
f(]lly-}~rograll~ll~al~lc,  (K,l /n) Vilerbi dc.coder
\\’i tl t ~<K<15 slid 2.<11S6. I( is
implcmcolcd in a  fol ly-paral lel  arcllitcc[llrc
using64  idcnlical CUSICI]I]  VI,SI  dcviccs, capable
ofopcratingatbit lalcsof uplo 1.1 Mbits/s. ’l’hc
M(l) 111 incorporates all  tllrcc  synchroniz.atioo
al~orill~l~~sdc:;c]it~cd in Scc(ion ?, rc.sulli!gin  a
flc.xiblc  s~l]clllrollizalioll  archilc.clulc,

A luorc ]cccnt example is Ihc I’cc.dback
Concalcnatc.d l)ccodcr  (l’(’l))  dcvclq,cd
spccifical]y  fcm the Galileo missioo [6]. ‘1’his
dccodcr  is implcmcmtcd in soft}iarc  on a 4-CPU
SLJN  wolks(ation. II is  capab]c o f  pcrforini]ig
( 1 4 , 1 / 4 )  Vilcibi and 4-]cdundawq’  (?55,11~)
R~cd-Sol(m~olil  dccodins  a s  WCII  a s  IIIC
associakd  rc-dccodinc  al 160 bits/s. As ao
illtcg,latcd dcc~clcr, 1[ iso]icnled  lo\\’ard sylnbol  -
domain flame  s}’l]clllolliza[ioll,  }vhi]c allcmpting
to minimim  lalcncy (case 2 abcwc),

V. Conclusions

Wc ha\’c prcscn[cd  a method of pc~formil]g
joint frame and node synchronization for a
concatcnalcd dc.coder. ‘1’his approach c.nab]cs a
dcsigtl that slmr(cns  tllc acquisition time and
allo\vs f o r  paral]cl il]Jl>lclllclltaliorl o f  IIIC
dc.codcl rcsourcc-demanding tasks, o\Jc I a I 1
il]~}~rc~\’il~g tllcdc.codct cfi-lcicncy.

&kl!Q\yl(’@[w~~
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